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80% of patients.1,2 The incidence of cognitive decline
after cardiac operation has been subsequently used to
compare outcomes in different centers, to assess the effi-
cacy of neuroprotective drugs, and to improve perfusion
techniques and surgical management.3,6 Despite the
increasing application and importance of such neu-
ropsychologic tests as measures of cognitive impair-
ment, little attention has been focused on the limitations
of the different criteria used to define impairment.
One of the simplest methods of defining cognitive
impairment uses a predetermined deterioration thresh-
old to establish whether an individual’s postoperative
performance has significantly declined. This single-
case analysis technique uses each patient as his/her own
control and was recently endorsed at an international
consensus meeting as the preferred method of defining
T he assessment of cognition before and after cardiacoperation is now used extensively as a measure of
surgical outcome, after reports a decade ago that sug-
gested “intellectual dysfunction” could affect as many as
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COGNITIVE PERFORMANCE AFTER CARDIAC OPERATION: IMPLICATIONS OF REGRESSION
TOWARD THE MEAN
cognitive impairment.7 Several methods of determining
the deterioration threshold are now commonly used,
including the use of the group standard deviation (SD)
or one-half SD and the percentage change.8
The problem with these and similar techniques, how-
ever, is that they are susceptible to the potential bias of
regression toward the mean (RTM). RTM is the statis-
tical phenomenon whereby extreme baseline scores
tend to become less extreme after repeated examina-
tions, even though “true” change has not occurred.9 A
simple example of RTM would be in repeated mea-
surements of blood pressure whereby on some occa-
sions, by chance alone, the blood pressure may be
higher or lower than normal. RTM states that unusual-
ly high or low blood pressures are by definition uncom-
mon events and that the chance of a repetition of high
or low blood pressure twice in a row is unlikely. In fact,
by chance alone or random fluctuations, the next mea-
surement is likely to be nearer the average value.
The effect of RTM is present wherever there is an
intrasubject variation on a repeated test10 and will
therefore be an inevitable feature of cognitive assess-
ment. Examples of misinterpretation that result from a
failure to recognize RTM are common in the litera-
ture,11,12 but the issue has not been addressed in relation
to cognitive change after cardiac operations.
This study demonstrates the influence of RTM and
the implications for the different definitions of impair-
ment currently used, with data from a large group of
patients who underwent coronary artery bypass graft
operation. The results of the study provide a simple, but
nevertheless salutary, illustration of the need to consid-
er the effects of RTM. Possible solutions for countering
the effects of RTM are proposed.
Methods
One hundred twenty patients who underwent nonemer-
gency coronary artery bypass graft operation completed seri-
al assessment on a battery of 10 standard psychometric tests.
The patients, who had provided written informed consent,
were part of a double-blind trial investigating the efficacy of
a new anti-inflammatory drug (placebo, low dose, and high
dose). In this study, the patients were drawn approximately
equally from the 3 study arms. Patients were examined before
the operation (1 day before the operation), before hospital
discharge (mean, 5.5 days after the operation; SD, 1.3 days),
and again 3 months after the operation (mean, 96 days; SD,
8.9 days). The test battery was administered by a single
examiner (S.M.B.) and included the following tests:
National Adult Reading Test13
Short Orientation-Memory-Concentration Test14
Rey Auditory Verbal Learning Test15
Trail Making Test (part A)15
Trail Making Test (part B)15
Adult Memory Information Processing Battery (test A)16
Nine Hole Peg Board Test14
CFL Word Generation Test15
Digit Span Test15
Bell Cancellation Test17
Although data from any of the tests are sufficient to
demonstrate RTM, for simplicity we have chosen to analyze
the data from 2 tests: the Delayed Recall component of the
Rey Auditory Verbal Learning Test (RAVLT) and the Trail
Making Test (part A; TMTA). These are 2 of the 4 core tests
recommended for inclusion in psychometric testing at the
consensus conference in 1994.18 Briefly, the RAVLT is a test
of verbal memory that allows assessment of immediate and
delayed recall.15 The Delayed Recall component is the total
of 2 attempts (after 2-minute and 25-minute delays) at recall-
ing as many words as possible from a list of 15 words, previ-
ously read to the subject 5 times. The maximum possible
score is 30 and the minimum is 0. To minimize practice
effects, a different list of words is used at each time point.
The second test, the TMTA, is a test of visuospatial and psy-
chomotor performance.15 The subject is required to connect
25 numbered circles spread across a page in correct ascend-
ing order. The measured variable is the time taken to com-
plete the task. Lower scores represent superior performance.
The standard form was used at all 3 time-points.
The following 3 definitions of impairment were used to
calculate frequency of decline within each of the 2 tests and,
subsequently, to analyze for evidence of RTM. All these def-
initions of impairment have been used previously in the car-
diac literature to measure significant change.
1. SD method: postoperative decline in a subject’s perfor-
mance of more than 1 SD of the group’s scores before the
operation.1-4
2. One-half SD method: decline of one-half SD from the
score before the operation.20
3. Twenty-percent method: decline of more than 20% of the
subject’s score before the operation.19
Statistical analysis of change scores was performed with
paired t tests (for normally distributed data) and Wilcoxon
signed rank tests (for non-normally distributed data).
Individual change scores were calculated by subtracting the
score achieved before the operation from the score achieved
after the operation (at discharge and 3 months).
Results
Table I provides the means, SDs, 95% confidence
intervals, median, interquartile range, and range for the
RAVLT and TMTA tests in all 120 patients at the 3 time
points. It should be noted that for RAVLT assessment
higher scores indicate better performance, whereas for
TMTA lower scores indicate better performance. With
the RAVLT, it can be seen that the group as a whole
deteriorated significantly at the discharge assessment,
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with the mean declining by 2.4 points (95% CI, 1.6-
3.3; P < .001). Although group performance subse-
quently improved at 3 months, it remained significant-
ly lower than baseline (mean decline, 0.9; 95% CI,
0.1-0.6: P = .03). For the TMTA, the group declined at
discharge, with the mean time slowing by 1.5 seconds
(95% CI, –0.1 to 3.1: P = .06). At 3 months, the group’s
mean time significantly improved by 2.4 seconds (95%
CI, 0.6-4.2: P < .001) from baseline.
To demonstrate the effects of RTM, the preoperative
results from the 2 tests were each divided arbitrarily
into 3 equal performance categories (low, moderate,
and high) as shown in Tables II and III. Subjects who
scored less than 12 in the RAVLT were classified as
low performers (n = 35 subjects); those subjects who
scored 12 to 16 were rated moderate (n = 51 subjects),
and those subjects who scored 17 or more were rated
high (n = 34 subjects). For the TMTA, times of 40 sec-
onds or more were classified low (n = 36 subjects);
times of 30 to 39 seconds (inclusive) were classified
moderate (n = 50 subjects), and times of less than 30
seconds were rated high (n = 34 subjects). Table II
shows the mean scores over time for the 3 performance
categories within the RAVLT, and Table III shows the
mean scores for the TMTA.
It is clear from Tables II and III that each perfor-
mance group has a different pattern of scores over time.
For example, on the RAVLT, the high-performance cat-
egory showed significant deterioration from the base-
line at both the early and late postoperative assess-
ments. The moderate performers showed significant
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Table I. Group mean (SD and 95% CI), median inter-
quartile range (IQR), and range for the 3 assessment
points on the RAVLT and TMTA
Assessment points
Before Three 
Psychometric test operation Discharge months
RAVLT* (n = 120)
Mean 14.1 (5.1) 11.7 (5.2)† 13.2 (5.4)‡
95% CI 13.1-15.0 10.7-12.6 12.3-14.2
Median 14 11 13
IQR 10-17 8-15 9-17
TMTA§ (n = 120)
Mean 36.3 (12.7) 37.8 (13.3) 33.9 (10.6)‡
95% CI 34.0-38.6 35.4-40.2 32.0-35.8
Median 35.5 36 31
IQR 28-41 29-41 27-39
Note: High scores on the RAVLT and low scores on TMTA indicate better per-
formance.
*Paired t tests (change from preoperative scores).
†P < .001.
‡P < .05.
§Positively skewed distribution; Wilcoxon signed rank test used (change from
preoperative scores).
Table II. Mean scores (SD and 95% CI), medians,
IQR, and range for each performance category at 3
assessment points on the RAVLT
Assessment points
Performance Three 
category Preoperative Discharge months
Low (n = 35)
Mean 8.1 (2.0) 8.6 (4.0) 8.7 (3.5)
95% CI 7.4-8.8 7.2-10.0 7.5-10.0
Median 8 8 9
IQR 7-9 5-12 6-11
Moderate (n = 51)
Mean 13.9 (1.4) 11.1 (4.1)* 13.5 (4.2)
95% CI 13.5-14.3 9.9-12.3 12.3-14.7
Median 14 11 13
IQR 13-15 8-14 10-17
High (n = 34)
Mean 20.4 (2.9) 15.7 (5.2)* 17.5 (5.0)*
95% CI 19.4-21.4 13.8-17.5 15.7-19.2
Median 19 16 18
IQR 19-22 12-20 14-20
Note: High score indicates better performance; Wilcoxon signed rank test
(change from preoperative scores).
*P < .001.
Table III. Mean scores (SD and 95% CI), medians,
IQR, and range for each performance category at 3
assessment points on the TMTA
Assessment points
Performance Three 
category Preoperative Discharge months
Low (n = 36)
Mean 50.3.1 (12.7) 48.6 (15.0) 40.3 (12.0)*
95% CI 45.9-54.6 43.5-53.7 36.3-44.4
Median 44.5 45 37.5
IQR 42-57 37-60 29-48
Moderate (n = 50)
Mean 35.0 (2.9) 36.8 (8.9) 34.1 (8.8)
95% CI 34.2-35.8 34.3-39.3 31.6-36.6
Median 35 36.5 32
IQR 32-37 30-42 28-38.5
High (n = 34)
Mean 23.4 (3.1) 27.9 (6.9)† 26.7 (6.0)†
95% CI 22.3-24.5 25.4-30.3 24.6-28.8
Median 23.5 27.5 26.5
IQR 21-26 23-31 22-30
Note: High score indicate worse performance; Wilcoxon signed rank test
(change from preoperative scores).
*P < .0001.
†P < .001.
early postoperative decline. The low performers cate-
gory showed nonsignificant change. Low baseline per-
formers on the TMTA showed significant improvement
at 3 months, whereas the high performers again showed
significant deterioration from baseline at both postop-
erative assessments. These 2 examples show that the
high performers tend to perform less well as a group
compared with their baseline scores, whereas the low
baseline performers have a tendency for improvement.
In other words, they are examples of RTM.
Table IV shows the rate of cognitive decline calculat-
ed for each of the 2 tests according to each of the pre-
viously described definitions. Additionally, frequency
of cognitive decline for each performance category has
been provided. In both tests, a disproportionately large
number of subjects from the high-performance cate-
gories are classified as declined, in comparison with the
generally small percentage of subjects classified as
declined in the low-performance categories. For exam-
ple, on the RAVLT, the SD method classified 23% of
the entire group as impaired, whereas 38% of the high
performers were similarly classified. Although floor
effects can influence these frequencies,21 the major rea-
son for these discrepancies is RTM. This is emphasized
by equally diverse rates of decline within performance
categories on the TMTA, a test that is not affected by
floor effects.
Although results from only the RAVLT and the
TMTA have been analyzed in detail in this article, sim-
ilar RTM effects were seen on the other tests in the bat-
tery. The preoperative mean scores of the patients clas-
sified as impaired (by the SD method at each time
point) were consistently better than the preoperative
mean scores of the entire group, indicating that on each
test it is high-baseline performers who are dispropor-
tionately classified as declined.
Discussion
Cognitive performances after cardiac operations may
be influenced by several important factors. First, scores
may be affected by the cardiac operation itself. Our
results provide typical examples of this postoperative
cognitive change. Second, the effects of practice may
influence results, with group performances often
improving when psychometric tests are administered
repeatedly.22 This probably explains the improvement
we found in the group’s mean time on the TMTA at the
3-month assessment. Practice effects can be minimized
by the use of alternative forms and long follow-up
intervals15 or controlled by a comparison group that
undergoes the same assessments at the same time
points.21 A third factor that can significantly influence
cognitive test scores is the phenomenon of RTM.9
In contrast to other fields of research,9 RTM has
received minimal attention in the cardiac surgical liter-
ature.21 This is surprising, because failure to control for
RTM can lead to devastatingly erroneous conclusions.9
It is evident in our article that single-case definitions
are particularly vulnerable to its effects, with greater
proportions of high-baseline performers being classi-
fied as impaired. There is no a priori reason why car-
diac operations should disproportionately affect cogni-
tive function in those subjects with high baseline
scores. Such a situation is unavoidable by categorizing
changes in performance as either “declined/not de-
clined” because high-baseline performers will tend to
regress downward even in the absence of real change.
A smaller true decline is all that is required for these
subjects to pass an impaired threshold. The converse
situation for low-baseline performers results in fewer
subjects being classified as impaired, because their
scores would tend to improve because of RTM, there-
by requiring a much larger true decline to pass the cut-
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Table IV. No. of patients whose scores declined after operation (entire group and performance categories) on the
RAVLT and the TMTA, with 3 different definitions of cognitive impairment
Definition of cognitive impairment
1 SD method 1/2 SD method 20% Method
Performance category Discharge (%) Three months (%) Discharge (%) Three months (%) Discharge (%) Three months (%)
RAVLT (n = 120) 28 (23) 19 (16) 61 (51) 39 (33) 58 (48) 37 (31)
Low (n = 35) 2 (6) 2 (6) 9 (26) 8 (23) 12 (34) 10 (29)
Moderate (n = 51) 13 (25) 8 (16) 28 (55) 14 (27) 28 (55) 14 (27)
High (n = 34) 13 (38) 9 (26) 24 (71) 17 (50) 18 (53) 13 (38)
TMTA(n = 120) 15 (13) 8 (7) 30 (25) 19 (16) 31 (26) 25 (21)
Low (n = 36) 4 (11) 0 (0) 6 (17) 3 (8) 5 (14) 1 (3)
Moderate (n = 50) 6 (12) 6 (12) 13 (26) 9 (18) 13 (26) 9 (18)
High (n = 34) 5 (15) 2 (6) 11 (32) 7 (21) 13 (38) 15 (44)
off. Therefore definitions of impairment that only focus
attention on declining scores will always bias results by
including disproportionate numbers of high-baseline
performers. To rely on these results clearly risks misin-
terpretation.
To overcome the influence of RTM on cognitive per-
formance scores, multiple data points are required.11
Within a single-case design, this would involve the per-
formance of multiple preoperative cognitive assess-
ments that could be averaged to obtain a subject’s
“true” baseline level. Similar multiple assessments
might be required in the postoperative period when per-
formance was deemed to be stable, again to establish a
reliable level of function. It has been suggested that 2
or 3 assessments at baseline can minimize much of the
effect of RTM.11 The difficulties of performing such a
large number of assessments, however, in addition to
the greater likelihood of practice effects, makes this
option impractical.
A more convenient alternative that overcomes the
problem of RTM involves the use of group means.11
Group mean analysis allows the application of paramet-
ric statistical methods that are free from the influence of
RTM. Proponents of single-case designs, however, argue
that this approach fails to account for the effects of prac-
tice, because overall group mean improvement can mask
individuals who have deteriorated.21 This criticism is
valid only in the absence of a suitable age-matched con-
trol group. Such a group would allow for the control of
both RTM and practice effects because both of these
would be expected to occur equally in both groups.
In conclusion, the phenomenon of RTM should be rec-
ognized as a significant cause of variation within post-
operative cognition scores. Results from studies that fail
to appreciate its influence should be viewed with cau-
tion. The use of group mean data with appropriate con-
trol mean data should be the method of choice.
We thank the patients who took part in this study for their
interest and enthusiasm and the staff at the Oxford Heart
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